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ABSTRACT

Low order equivalent system (LOES) models for the Tu-144 supersonic transport
aircraft were identified from flight test data. The mathematical models were given in terms
of transfer functions with a time delay by the military standard MIL-STD-1797A, “Flying
Qualities of Piloted Aircraft,” and the handling qualities were predicted from the estimated
transfer function coefficients. The coefficients and the time delay in the transfer functions
were estimated using a nonlinear equation error formulation in the frequency domain.
Flight test data from pitch, roll, and yaw frequency sweeps at various flight conditions were
used for parameter estimation. Flight test results are presented in terms of the estimated
parameter values, their standard errors, and output fits in the time domain. Data from
doublet maneuvers at the same flight conditions were used to assess the predictive
capabilities of the identified models. The identified transfer function models fit the
measured data well and demonstrated good prediction capabilities. The Tu-144 was
predicted to be between level 2 and 3 for all longitudinal maneuvers and level 1 for all lateral
maneuvers. High estimates of the equivalent time delay in the transfer function model

caused the poor longitudinal rating.
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1. INTRODUCTION

Flying qualities, or handling qualities as they are also called, are defined as
“qualities or characteristics that govern the ease and precision with which a pilot is able to
perform the tasks required in support of an aircraft role” (ref. ). The handling qualities
can only be assessed from pilot opinions, but the governing military standards for flying
qualities offer methods of predicting the handling qualities from estimated transfer function
coefficients. The Military Specification for Flying Qualities of Piloted Aircraft, MIL-F-
~ 8785B (ref. 2), was written in the 1960’s for unaugmented aircraft, or aircraft which did not
have higher-order control systems (HOS). Predicting handling qualities from the open-
loop transfer function coefficients was an acceptable method for unaugmented, or classical,
aircraft but the use of complex augmentation systems on aircraft required a different
mathematical model to describe the aircraft dynamics than the open-loop transfer function.
Many aircraft built in the 1970’s with high-order control systems were designed without the
benefit of the specification since the guidelines were not considered to be applicable. A
revision to the military specification, MIL-F-8785C (ref. 3), was developed in 1980 and was
the first to recognize augmented aircraft and introduce the low order equivalent systems

(LOES) concept:

“The contractor shall define equivalent classical systems which have responses
most closely matching those of the actual aircraft. Then those numerical
requirements...which are stated in terms of linear system parameters (such as
frequency, damping ratio and modal phase angles) apply to the parameters of that
equivalent system rather than to any particular modes of the actual higher-order
system.”



Thus, the military specification suggests that the equivalent system model should have
parameters which are directly relatable to their classical counterparts. The LOES models are
linearized, reduced-order models of the actual aircraft response and are used to allow the
existing flying qualities requirements established for unaugmented, or classical, aircraft to
be extended to higher order systems.

The most recent military standard for flying qualities of piloted aircraft, MIL-STD-
1797A (ref. 4), was written in 1990 and suggests specific LOES models in the assessment
of ﬂyiﬁg qurarlirtrircrtrs.r 'I;he LOES Vr‘nocic‘:ls have Vthe séme structure as the classical open-loop
linear models, but use the pilot input with a pure time delay rather than control surface
deflections as the model input.

Mitchell and Hoh (ref. 5) found encouraging results with a number of high-order
system flight test results and showed in most cases the pitch short-period equivalent
7 rd‘){namics are relatable to their unaugmented counterparts. A*c_fiditiqul;ly?, a key finding was
the significant role that the time del;y played in the degradétion of longritudinal ﬁying
qualities. Pure time lags produced by the control system directly impacted the pilots’
opinions of the handling qualities.

In terms of the MIL-STD-1797A models, a substantial amount of research has been
performed by Tischler (ref. 6-8) on their identification using frequency response matching.
This method uses a least squares fit of the Bode plot (magnitude and phase) in the
frequency domain using the LOES as the model. Though the results of this method have
been very good, frequency response matching requires substantial data conditioning and
rcromputatioﬁr time to estimate aécufate parameteré.

A more direct approach was sought by Manning and Gleason (ref. 9) who estimated
the parameters of the LOES model in the time domain. Time response matching is an
attractive option since the measured input and output data are all that are required; that is, no

transformation to the frequency domain is required.



The flying qualities of a supersonic transport aircraft may be significantly different
than current subsonic transports due to the vastly different configurations required for high-
speed flight. Great concern is placed on the handling of the aircraft during landing
approach where the aircraft is typically more difficult to control and greater precision is
required. The NASA High Speed Research (HSR) program, in conjunction with Boeing
and the Tupolev Design Bureau, performed 19 flight tests of a Russian Tu-144 supersonic
transport to establish a new database of information for the development of a U.S.
supersonic transport in the early 21st century. Data for flying quality and aircraft response
evaluations were recorded from an array of aircraft configurations and flight conditions.
From the recorded data, LOES models can be identified, and the flying qualities of the
aircraft in several different flight regimes can be predicted. The primary objective of this
research is to predict the flying qualities of the Tu-144 from flight test data.

This paper begins with a description of the Tu-144 aircraft and the flight test data
used for flying qualities prediction, as well as a data compatibility check and description of
all corrections made to the data before analysis. The mathematical models given by the
military standard are given with all necessary assumptions and the important parameters for
flying qualities prediction are illustrated. |

Next, the reasoning for the selection of the equation error and output error method
in the frequency domain for identification of the LOES models is presented. These
methods are developed completely in reference 10, but a brief development is presented in
this paper as well. Simulated data was used to validate the mathematical models and the
identification methods.

Finally, the methodology was used to identify the model parameters from flight test
data for twenty-one pitch frequency sweeps, nineteen roll frequency sweeps, and nineteen
yaw frequency sweeps which were performed at various flight conditions and aircraft
configurations. The parameters in the identified models were then used to predict the flying

-

qualities of the Tu-144. The results are presented in terms of the estimated parameters and



their standard errors for each maneuver with the predicted handling qualities for each
maneuver. If the aircraft was not rated level 1, the reason is also given. Suggestions for
future research are also discussed. The appendices contain a detailed description of the
flight test maneuver instructions given to the pilots as well as a derivation of the error

analysis.
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2. AIRCRAFT AND FLIGHT DATA

The Tu-144 supersonic transport aircraft is shown in figure 1 and the geometric,
mass, and inertia characteristics of the aircrafi are summarized in table 1. The Tu-144LL
used for flight tests was a refurbished Tu-144D, tail number 77114, and re-equipped with
Kuznetsov NK-321 turbofan engines like those operational on the Russian Air Force
Tupolev Tu-160 Blackjack bomber. Pitch and roll are controlled with elevons which extend
along the aft of the entire span of the wing. A rudder on the vertical tail is used for
directional control. The aircraft is equipped with conventional cable-commanded hydraulic
actuators which have a parallel electronic input. For stability augmentation, the cable input
from the pilot is summed with the electronic command from the flight control system.
Control inputs from the pilots go directly to the actuators via the control cables and do not
go into the control laws.

The pitch augmentation system consists of a pitch damper which uses pitch rate
feedback to provide improved pitch damping of the short period mode. Similarly, there is a
yaw damper that uses yaw rate feedback. Autopilot and autothrottle were turned off during
the testing. During takeoff and landing, the nose is drooped for increased visibility and a
canard above the cockpit is extended for increased stability. The angle of droop for the
nose for takeoff and landing is 11° and 17°, respectively. The canard is extended only for
stability at lower speeds and is not a control surface.

For each flight test, the pilot input, control surface deflections, and aircraft responses
were measured and stored as time histories. Additionally, other variables used to verify the
flight condition and aircraft configuration were measured. The FDAS variables used for
data analysis are listed in table 2. Table 3 indicates the coordinate locations of the

instrumentation measuring aircraft response.



All flights of the Tu-144 were performed by Russian pilots at the Zhukovsky Air
Development Center near Moscow, Russia. Flight tests were performed at speeds ranging
from Mach 0.3-1.6 at altitudes of 5,000-50,000 feet and angles of attack ranging from 4°-
11°. The test point number (TPN), test title, aircraft configuration, flight conditions and
flight number for the maneuvers are listed in table 4.

| For the handling qualﬁ&es experiment, basic airworthiness sensors on board the Tu-
144LL were used. No additional jnstrumentation specific to this experiment was installed.
The parameters were sampled into analog input channels in a DAMIEN pulse code
modulation (PCM) data acquisition system. These channels were pre-sample filtered to
prevent aliasing of data. The filters used were 2-pole low-pass passive RC filters with a |
dB per octave rolloff. Attenuation was 3 dB at 200 Hz. Flight test data was taken by
Tupolev and transferred to the NASA Dryden flight research center where it was made
available on the flight data access system (FDAS). Further discussion of the
instrumentation system can be found in reference 11. ] _

The maneuveré ﬁsed for handling qualities prédiction were frequency sweeps
performed along the pitch, roll and yaw axes at each flight condition or aircraft

configuration of interest. A frequency sweep is a commanded oscillation of the controls

about a trim condition which increases in frequency from the start to finish of the maneuver.

Frequency sweeps along each axis were chosen since they would excite a wide range of
frequencies. Additionally, these maneuvers are ideal for frequency response matching since
they contain a rich spectral content. Doublets were performed along the same axes at each
flight condition and these data were used to assess the predictive capabilities of the

opposite sign in succession. Specifications given to the Russian pilots denoting how the
frequency sweep and doublet maneuvers were to be flown are taken from reference 12 and

included in appendix A.
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Translation of the Russian coordinate system to the U.S. coordinate system and the
calculation of true airspeed from indicated airspeed were both required for the Tu-144.
These corrections are made at NASA Dryden and the corrected variables are available
directly from the FDAS system. Corrections to the angle of attack and sideslip angles to
account for vehicle rotation and corrections to accelerometer measurements due to center of
gravity offset were not made at NASA Dryden but were completed before data analysis.

As a part of the data analysis, a data compatibility check was conducted. The
purpose of this check is to identify and estimate constant offset and scale factor errors in the
measured response variables due to instrumentation. The error parameters are added to the
equations of motion and estimated using a maximum likelihood technique (ref. 13). If there
was a consistent and significant effect of these parameters, the data were corrected prior to
analysis. |

For the longitudinal mode, the outputs were velocity, angle of attack, and Euler pitch
angle. The lateral outputs were the sideslip angle, Euler roll angle, and Euler yaw angle.
The main emphasis was on the agreement between the measured angle of attack and
calculated angle of attack using integrated acceleration measurements for the longitudinal
mode and the measured and calculated sideslip angle for the lateral mode. Even with the
linear bias and scale factor error parameters, the data compatibility routine could not
satisfactorily fit the angle of attack or sideslip angle for a longitudinal or directional
maneuver, respectively. The resulting fits for angle of attack and sideslip angle, using flight
data from test point numbers 2.4-15.1B and 2.4-15.3A, respectively, are shown in figure 2.

Different parameters, such as the first derivatives of the estimated angles and higher-
order order terms, were added into the calculations of these two responses to improve the fit,
but were unsuccessful. The most notable problem with the fit is that the measured data lags
the estimation from the equations of motion. The cause of this lag is unknown.
Additionally, the measurement of sideslip angle flattens out at the higher frequencies. This

may complicate identification of the models for higher frequencies.



Another unexplained behavior in the data was the presence of time skews, or
abnormal time shifts in the data. A time delay exists between the stick input and the control
surface deflection due to the control system. Oﬁce the control surface deflects, however, we
would expect the aircraft to respond almost immediately. This was not the case in for the
Tu-144. An example of this type of time skew is shown in figure 3. The elevator deflection
lags the stick by approximately 0.13 seconds. This lag can be attributed to the control
system and actuator delays and is normal for a large transport aircraft. The pitch rate then
lags the elevator deflection by an additional 0.25 seconds. Initially, the time skews were
believed to be caused by time intervals between sampling different parameters on the
multiplexed data system; however, this time delay can be at most one time frame long, or
0.03125 seconds. This accounts for very little of the 0.25 second lag. Another theory is
that this time delay is real and the aircraft actually responds in this manner. Both Boeing
and Tupolev have been made aware of the problem, but the cause for the delay is still
unknown. Similar time skews are apparent with the lateral maneuvers as well. Whatever the
cause, these time skews are not accounted for in the équations of motion used for data
compatibility and may be the cause of the poor agreement with the angle of attack and
sideslip anglé estimates. Since there was no information on the magnitude (if ény) of the

time skews, the data was analyzed as recorded and stored on FDAS.



3. MATHEMATICAL MODELS AND MILITARY STANDARD
REQUIREMENTS

The LOES models given by the military standard are introduced in this section and
the parameters required for handling qualities prediction are highlighted. In some cases, the
mathematical models deviate from those suggested by the military standard, but the
assumptions which lead to the different models are explained. The estimated coefficients
are directly correlated to the handling qualities criteria, and these criteria for the longitudinal
and lateral modes for a Clags III, Category B or C aircraft are summarized in tables 5-7. In
every case, the primary goal is to formulate mathematical models which not only describe
the approximate dynamics of the aircraft, but will also yield the specific parameter estimates

which lead directly to the handling qualities prediction.

3.1 Longitudinal Models

For handling qualities prediction, the military standard places requirements on the

short period damping ratio (C,,), time delay (), and the product of the short period natural
frequency and inverse of the high frequency pitch attitude zero (@, Ty, ).

The pitch rate and normal acceleration LOES models are given in reference 4 as

Kes(s + TL] s+ %Je_tes
3] 3]

2 272 2
[s +28,0,8+ @), ][% + 28 Wgps + Oy ]

4.
M

and



K,s S+ fo=Tes
T

h

£

Z

T2 22 2]
e [s + 20,05+ 0, ][s +205p 0408 + @y, ]

(2)

=

Note all of the required parameters are found in these models. For a maneuver where the
velocity is approximately constant, a short period approximation may be made.
Additionally, when the effect of elevon deflection on the lift is neglected, the normal
acceleration to stick transfer function may be rearranged to be a function of only parameters
which appear in the pitch rate to stick transfer function. This is advantageous for parameter

estimation since it allows the use of another measurement without any additional

parameters. The new LOES models may be rewritten and expressed with generic

parameters as

g _ T, _ (As+B)e "0 3
e s°+ 285y 0gps + (osp2 s +kys+kg
and o ;
I 2
- T -—2Be
a,___\& 8 __ 8 @ _
e s +20,00s+04° s°+k;s+kg
where
A=K,
B=Kg/Tp,,
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k)= 2CSpmsp )
and

— 2
ko —O)Sp .

All of the required parameters for handling qualities prediction are present in these
equations even though the models have been greatly simplified. Equations (3) and (4)
without the exponential term are identical to the open loop transfer function models with
elevator deflection, §,, as the input. The parameter T, accounts for the time delay between 7,
and §_ as well as other possible nonlinearities and added dynamics associated with the
control system and aircraft augmentation. However, it is important to note that although the
primary function of T, is to account for the time delay between stick and control surface, the
equivalent system will actually estimate the time delay as the time between stick deflection
and aircraft response (input to output), or 1), to g, for the longitudinal mode.

Table 5, given by the military standard, relates the parameter values estimated from
equations (3) and (4) to the handling qualities of the aircraft. Note the requirement on the
time delay is 0.10 for a level 1 aircraft. There has been significant data to suggest that this
figure is too stringent for large transport aircraft and values of T, of up to 0.4 have still
resulted in a level 1 pilot rating (ref. 14-16). Nevertheless, the current military standard
values were used in this report.

The generic parameters, [k, k, AB 1,]", are introduced to simplify the model and
ease the workload of the optimizer. Obtaining the military standard transfer function
coefficients from the generic parameters is a simple algebra problem, but determining the
errors from the generic parameters required a little more computation. The derivation of the
error propagation from the generic parameters to the military standard transfer function
coefficients is given in appendix B. Thus, we can estimate all the necessary parameters for

handling qualities prediction and their standard errors using equations (3) and (4).
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3.2 Lateral Models

For the lateral modes, the military standard requires only 3 parameters to be
estimated: the roll-mode time constant (T,), the Dutch roll damping ratio ({,), and the
Dutch roll natural frequency (®,). The requirements imposed on the values of these -

parameters are indicated in tables 6-7.

" “The millitary Standard gives two options for obtaining the Duich roll damping and

natural frequency. First, if the ratio of amplitudes of bank angle and sideslip angle

/B

envelopes in the Dutch roll mode, 4- 1s large, reference 4 suggests estimating the

parameters in

N K¢S[82 + 2C¢(D¢S + @¢2]C_tps

’ﬁi I 1 ®)
a (s + ?J(s + T—][s2 + 28 gwgs + o)dz]

S R

e e (5 .
_ Bl BZ B3 (6)

B
Na [s‘+ TL](S + %)[52 + 20 ggs + wdz]

s R

and

simultaneously. Though this would yield all of the parameters required for handling

qualities prediction, the models contain a substantial number of parameters which would be

~ difficult to estimate accurately.

If ]q)/ B[ 4 is small, the military standard then suggests the use of a second-order

transfer function relating sideslip angle to rudder pedal deflection:
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This transfer function is obtained from the Dutch roll approximation and assumes the side
force due to rudder input is negligible. An alternative transfer function utilizing only the

Dutch roll approximation relates yaw rate response to yaw control input:

Kr[s + i)e_TTS
— T

52 + 2§d0)ds + (Dd2 ‘

ﬁ_rr (8)
Equation (8) adds an additional parameter to the estimation; however, it does offer the ability
to use the rate measurement instead of the sideslip angle measurement. The estimation of
the parameters in either (7) or (8) would give the required Dutch roll parameters for
handling qualities prediction.

To obtain the maximum roll-mode time constant, reference 4 defines the equivalent

roll and sideslip transfer functions, respectively, as

&) Kq)[Sz + 2§¢0)¢§ + (0¢2 ]C_tps
9 _ A 9
Na L L 2 2

(s + T ](s + T j[s +2Cym4s + 0y ]
and

B (A3 + Ay + A,s+A0)e‘TBS
ﬁ_ = - (10)

T

1 T2 21
[s + TvJ(S + T—)[s +2L40gs + Wy ]

S R
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The military standard does not suggest these two transfer functions be estimated
simultaneously, but in either (9) or (10), there is still a substantial number of parameters to

be estimated. If we look only at (9) and assume

p=¢ or p=sh,

then we can rewrite the transfer function as

B Kq,s[sz +28ywgs + 0)¢2]e_tp5 i , 0

n 1 I Y2 :
4 [S+T—j[S+T—][S +2Cd0)ds+(0d2]

s R

Additionally, if we assume that the spiral mode time constant, T, is large, then we can

simplify (11) to
~, I ,i IR 2 o . S, oo fé S . _ _.C S é
B _ Kq,[s +2C¢m¢s+m¢ ]e p _ [K¢s +Cs+D]e P 12)
Na 1.2 ) ERE o1
(S + TR J[§ + 2Cdu)ds + (Dd ] (S + TR [S + 2§d(l)d5 + 0y ] ]
where 7
and
_ 2
D= K¢(D¢ .

This simplification not only reduces the order of the transfer function, but also eliminates

one parameter from the estimation. Once again the model is stated in terms of generic
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parameters as in (3); however, there are still a large number of parameters to be estimated in
the transfer function. One option to reduce the number of parameters in the estimation is to
fix the values of those which have already been estimated. For example, if a yaw frequency
sweep was used to estimate the Dutch roll parameters in equation (7) or (8), then those can
be fixed in the estimation of (12) when using a roll frequency sweep.

Another alternative which reduces the number of parameters significantly is to
assume the numerator and denominator quadratics are nearly equal, which assumes the

aircraft behaves as a first-order system:

~ Ke-TpS
ﬁl;———" . : (13)
a  s+—

Tr

This transfer function allows only one degree of freedom, and a large modeling error will be

introduced if this model is used and the assumption of pole-zero cancellation of the

quadratics is not valid.
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4. IDENTIFICATION METHODOLOGY

The selected identification techniques were the equation error and output error
methods in the frequency domain. In the following sections, the reasoning for this choice is
explained and the selected methods are developed for one and two measurements for the

longitudinal mode. This development is based on reference 17. The lateral and directional

‘modes are easily developed in the same manner.

4.1 Time and FrequencyrDomain

The time domain method used in reference 9 minimized #he Squafed error between
the measured data and model output for the parameter estimation. Time domain matching
was an attractive option since the measured output and input data were all that were required.
HoWever, the optfmizétion technique, when applied to (3) and (4), can have serious '
convergence problems. This can be illustrated by rearranging the transfer function (3) and

expressing it in the time domain:

q+kiq+koq=An.(t—1g)+Bn.(t - 1g). (14)

The time delay, 1,, is a parameter to be estimated; however, any perturbation in T, would
change the input form. If the optimization algorithm can actually converge to a solution, the
estimates would likely have high errors.

On the other hand, rearranging (3) in the frequency domain gives

~©2q + jok,d + ko = joAReIO% 4 Bfj,e 0% (15)
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The most notable benefit to frequency domain analysis is the time delay is an ordinary
parameter and will not alter the input form during the estimation procedure. Additionally,
the integration of the state equations is not required for the estimation procedure; the
mathematics are reduced to algebraic manipulations. The primary disadvantage to frequency
domain analysis is the data must be transformed for analysis. Frequency domain
techniques were selected to reduce convergence problems and eliminate numerical

integration.

4.2 Equation Error Method

In the equation error method (EEM), the measured time histories are Fourier
transformed and the transfer function model is used to match the complex data in the
frequency domain. Translation to the frequency domain was performed with a high
accuracy Fourier transform (ref. 18) to eliminate translation errors. The typical formulation
for the equation error method is for only one output measurement. However, the
formulation can also be extended to two or more output measurements. Both of these
formulations are briefly presented below, and a full development of the equation error

method for one output measurement is presented in reference 10.

4.2.1 One Qutput Measurement
In EEM, the sum of squared errors satisfying the equation is minimized. Recall

equation (15):
—-j0Ty

—@?% + jok,d + kod = j0ATe 1% + Bij.e

When all terms containing unknown parameters are moved to the right-hand side, the

estimation for the single measurement of pitch rate then becomes:
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B

The parameters can then be perturbed until the right-hand side of (16) is equal to the left-
hand side within an acceptable stopping criterion. Specifically, the cost function to be
minimized for (16) is

2

()= X [-07a; + (joik + ko) - (joiae % + B )|, 17)

L3

1
2;

where A represents the vector of estimated parameters, A = [k, k, A B 1]’ and m represents

the number of frequencies. A tilde (~) over the variable represents the Fourier transform of

that variable. Since equation (17) is nonlinear in the parameters, the parameter estimation

constitutes a nonlinear estimation problem and will require the use of an iterative technique.

The modified Newton-Raphson technique (ref. 19) was employed for the estimation of the

parameters.

4.2.2 Two Output Measurements
The formulation for two measurements is identical in theory to that for one

measurement with a few exceptions. If the second measurement of normal acceleration is

rearranged in the same way as pitch rate, an equation analogous to (16) is formed:

ki
.- . V., . _;
—®252=[—]0)3L -a, ——Onee )Uﬁg} kg | 7 ] (18)
8 B
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The optimization scheme will now have to estimate parameters that satisfy equations (16)

and (18) simultaneously. The cost function for this method can be written as
(Ye, - % (%) Sx(—?ﬁi ) (19)
where the E subscript denotes experimental, or measured value; that is,

e =[-0% -0%,]. (20)
Then,

Y =[% ?aZ]T 1)

is formulated where ?q and ?az are equivalent to the right-hand sides of equations (16)

and (18), respectively. S, is the spectral density of the measurement noise estimated from

the residuals:
Syv =—V0 , (22)

where

b=Ye-Y(A). (23)
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This weighting matrix is required to account for the different physical values of the pitch

rate and normal acceleration.

4.3 Output Error Method

An alternative approach also developéd in reference 10 is the output error method
(OEM). In this approach, the sum of squared differences between the measured and model
outputs is minimized. Aside from this difference the development is identical to the

equation error method.

4.3.1 One Output Measurement
The development begins with the transfer function relating pitch rate to stick,

equation (3):

(As+B)e™"®*

4.
fle  s2+kis+kg

Now the equation is rearranged and converted to the frequency domain leaving the

measured output, q, segregated on the left-hand side and the remaining terms on the right-

hand side:

(24)

(joA +B)e 1% _
7 Ne-
-0 + jok; +kg

q=
Note that the optimization theory is the same; that is, vary the parameter values until the
right-hand side of (24) becomes acceptably close to the left-hand side. The cost function is

written as



[ﬁEi -q, (7“)] ; ' (25)

where the subscript E once again denotes the experimental value and d;()) denotes that

value of pitch rate obtained from the right hand side of (24).

4.3.2 Two Output Measurements
If desired, the measurement of normal acceleration can also be used in OEM. The

individual equation for normal acceleration analogous to (24) is

_No p-iote _
~ g ~
a; = Ne- (26)
£ —(1)2 + _](!)kl + kO ¢

The cost function looks identical to that for EEM:
(Ye, - %) sui(Yg, - V), @7)

but now Y is given by

Ye=13 &%, (28)
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and
Y =[¥, Y., ]T (29)

is formulated from the right hand sides of equations (24) and (26), respectively. The S,
matrix is formed in the same way as in EEM. If desired, the estimates obtained from EEM

can be used as initial estimates in OEM to decrease convergence time.

44 Output Error Method for Frequency Response Data

One of the most pbpuiar est;;mé;ion techniques 1n tilrer frequency domain involves
frequency response matching (ref. 6-8). This entails a least squares fit of the Bode plot
(magnitude and phase) in the frequency domain using the transfer function as the model.
The frequency response from the measured time histories is found from a ratio of the cross-
spectral density of therinput and output to the auto-spectral density of the input. For the

longitudinal case, this can be written as

H(m)z_s_‘k_*q@_

Spn. (@) e
The accuracy of the model identification depends on the accurate computation of frequency
response data points from the measured data; subéequent]y, this requires accurate spectral
estimates. In order to obtain accurate spectral estimates, reference 7 suggests the use of
four different data conditioning techhiques: digital préﬁltéring, overlapped/tapered
windowing, the chirp z-transform, and composite window averaging. These methods not
only require a significant amount of computation time and effort, but the accuracy of the

spectral estimates is also a function of the amount of data available.
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Though frequency response matching is a very common estimation technique in
parameter estimation, it would be advantageous to use a method which does not require such

enormous amounts of computational work.
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5. ANALYSIS OF SIMULATED DATA

Having the model structure predetermined as a LOES by the military standard is
advantageous since a major step in the system identification process, i.e. model structure
determination, can be eliminated; however, it can be a great disadvantage if the model is
inadequate in representing the higher-order system (HOS). As a check on the model

structure and the estimation algorithms, a simulation case was developed for the longitudinal

mode which could judge the performance of the LOES model using outputs generated by a 7

higher order system which emulated actual Tu-144 flight dynamics. For the lateral modes,
simulation cases were developed which checked only the identifiability of the models. Both

types of simulations and the conclusions drawn from them are discussed in this section.

51 Longitudinal Simulation

The Tu-144 HOS model for the longitudinal mode was created by adding first order
control system dynamics to the short period mode. The dynamics of the model were
chosen to approximate the Tu-144 during a maneuver performed at a Mach number of 0.9
at 32,000 feet and angle of attack of 6°. Only approximate coefficient values were required
since the order of the system was of greater importance than the exact model. The HOS

models were determined to be:

_ 1245+ 8.1 31)

(s + 0.98)(52 +2(0.6)(4.3)s +(4.3)%)

q
fe
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and

_ -219.6
e (s+0.98)(s +2(0.6)(4.3)s+(4.37)

|

(32)

=

By including the first order control system, an additional pole was added to those of the
short period mode.

These models along with a frequency sweep input from measured Tu-144 data were
used to create simulated time histories of pitchrate and normal acceleration. Gaussian noise
was added to the simulated outputs to represent random measurement variations. The noise
level had a standard deviation of 10% of the root mean square value of the simulated output.
These noisy outputs were then used as “measured” time histories to estimate parameters in
the LOES models to see how well the LOES estimation of the output could match the
simulated time histories. Parameters in (3) and (4) were estimated using EEM and OEM
for both a single output (pitch rate, q) and for two outputs (pitch rate, q, and normal
acceleration, a,). The frequency range of interest was 0.1 rad/sec to 27 rad/sec in 0.01
rad/sec increments. A wider frequency range of 0.1 rad/sec to 10 rad/sec is suggested by
the military standard; however, upon spectral analysis of the input signal for all maneuvers
on the Tu-144, it was found that the signal had little frequency content at frequencies greater
than 2r rad/sec. Thus, the narrower band was selected. Though the estimation is carried
out in the frequency domain, it is more physically meaningful to compare the estimated
model in the time domain with the measured output. The time histories of the simulated
output from (31) and the estimation of the LOES model output from EEM for one output
are shown in figure 4a. Figure 4b shows the residuals, the difference between simulated

and model output, for this fit. Even in the presence of measurement and modeling errors,
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the fit in the time domain is excellent. The application of the other three methods on the
same data produced similar fits for all outputs. The parameter estimates for the single

output EEM were

Kg T [1.972(0.054)]
/Ty, | |2.048(0.116)
Cop |=]0.607(0.018) .
Ogp 2.922(0.061)

Tg | [0.120(0.004)]

" The standard errors of the parameters, noted parenthetically next to the estimates, were 6%

or less. The short period damping'ratio, £, , remained apprdxihately the same as in the

sp?
higher-order model, but the natural frequency, O, decréased by roughly 30%. The
estimates of the static gain, K, and pitch attitude zero, I/Té;', also differed signiﬁcantly

from the higher-order system. This indicates some of the effects the addition of the time
delay and the use of the LOES may have on the parameter estimates.
Upon analysn of the normahzed parrwrse parameter correlauon matrlces 1t was

discovered that there was a high correlatlon between k a.nd B for all of the cases except

" EEM for two outputs. "The OEM model with one output also had a hlgh correlation

between k, and A,and the OEM model with two 6utpt1ts had additional high correlations
between -ltlianrd k0 A and B and between k(, and A. The correlation matrices for all four
~ cases are presented in table 8. A ‘high’ correlation is defined in this paper as one whose
absolute value is greater than 0.90. Since the correlation matrix is symmetricat, the upper
triangle is blacked out for clarity.

Insight into the differences between estimation techniques may be evident in the
correlation matrices. Correlated variables in an estimation are mathematically analogous to
having more unknowns than equations. There is simply not enough information to find a

unique solution. Thus, high correlations may reduce the accuracy of the parameter
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estimates. In three of the methods, a high correlation occurs between the parameters k, and
B. Together, these two terms represent the static gain of the transfer function, and the model
is not structured in a way to prevent this correlation. In the single measurement OEM, an
additional high correlation is present. Finally, for the two measurement OEM, a total of five
high correlations exist. The data and model structure were held constant for all methods.
This indicates that the source of the differences between the correlation matrices was the
estimation technique itself.

Looking only at the number of high correlations in the estimation, the simulation
cases illustrated that for the given models and data sets that in this application, the output
error method was not an appropriate choice for this purpose. Eliminating errors in the
methodology was critical to the overall quality of the regults; thus, the output error method

was abandoned at this point. EEM for both one and two outputs were still to be used.

5.2 Lateral Simulation

The purpose of the lateral simulations was a check on the identifiability of the
models. A model is said to be identifiable if all of the model parameters can be estimated
with the identification method and given data. The applicability of a LOES to a high-order
system was not of primary importance. In thesé simulations, models given in section 3.2
were used along with frequency sweep inputs to generate simulated outputs. Noise was
added as in the longitudinal simulations to the outputs and an attémpt was made to estimate
the parameters in the same model using either EEM or OEM. Attempting to estimate all of
the parameters at once, using a roll frequency sweep with either (5) and (6) simultaneously
or (9) individually, or using a yaw frequency sweep with (10), was not successful. The
parameters were highly dependent on the starting values, especially if the numerator and
denominator quadratic terms were approximately equal. When these values were not close

to one another, the model could be estimated, but with substantial computation time and
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several high pairwise parameter correlations. Another option was to estimate the Dutch roll
and roll-mode time constant separately using different models. Both (7) and (8) were used
to estimate the Dutch roll parameters. Each of these models were easily identifiable and the
parameters all had low standard errors and approximated the known values in the simulation
within 1%. For the roll-mode time constant, equations (12) and (13) were used. Again, the
‘numerator and denominator quadratic terms were important in the estimation, as (12) was
very difficult to estimate when the quadratics were approximately equal, but the model was
well-suited when these terms were not nearly equal. Equation (13) was estimated quite
easily when the simulated data was created with the same model structure, but if a higher-
order system was used to create the simulated data and the numerator and denominator
quadratics were not equal, the estimated model had high errors in the fit between simulated
and estimated output. Thus, (13) is appropriate only if the numerator and denominator
quadratics are approximately equal. Once again, EEM had fewer high correlations and
lower standard errors than OEM in all cases. This reiterates the reasons for abandoning ;
OEM for this application. - :
In short for the lateral modes, the Dutch roll parameters are estimated using either

(Tyor(8) 'wit}'iﬁz;jréw:fﬁré(iu;éhégf sweep. The roll-mode time constant is then estimated using

" aroll frequency sweep and either (12) or (13). Tf (12) is used, the Dutch oll parameters in

 the model are fixed to those estimated from the yaw frequency sweep at the same flight

““condition.
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6. FLIGHT TEST RESULTS AND DISCUSSION

This section includes the application of the mathematical models and identification
200 MHz Ultra Sparc 2 Unix system. Average time to analyze a single maneuver from raw

data to final estimate was under two minutes.

6.1 Longitudinal Results

Twenty-one longitudinal frequency sweeps were analyzed for the Tu-144. The
Mach number for these flights ranged from 0.3-1.6. Parameters of equation (3) and (4)
were to be estimated using EEM for both one and two outputs (q alone or q and a,,
respectively) over the same frequency range as the simulations.

However, EEM for two outputs did not converge for the flight test data. This was an
indication that there was something inconsistent in the flight test data between the
measurements of pitch rate and normal acceleration that was not present in the simulations.
Hence, transfer function coefficients for all 21 sweeps were estimated using the equation
error method in the frequency domain with one output (q). The estimated transfer function
coefficients were tabulated along with their standard errors in table 9. Flying qualities were
then predicted using the estimated transfer function coefficients and MIL-STD-1797A. The
flying quality predictions are shown in table 10. The longitudinal flying qualities of the Tu-
144 were predicted to be level 2 or 3 for all maneuvers. The poor ratings were caused by
high estimates of the time delay in the transfer function. Note that even with the
modification to relax the time delay mentioned in section 3.1, the Tu-144 would still be a
level 2 aircraft in all cases.

Figure 5 contains plots of the values and standard errors of each parameter for every

test point number. This figure best illustrates the proximity of the results for the repeated
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maneuvers. For roughly 90% of the estimations, the repeat cases were within 26 of each
other. One notable exception is test point number 2.4-15.1A. Though the fit of the
estimation and prediction were acceptable, the values for all of the estimated parameters are
quite different from the other two repeated maneuvers at the same flight conditions. The
aircraft configuration and flight conditions were identical in the repeat cases. Since there are
two cases which contradict the parameter estimates of 2.4-15.1A, this maneuver would likely
be discarded. Figures 6-8 summarize the results obtained for a maneuver at Mach 0.3, 0.9,
and 1.6, respectively. Each of these figures includes a plot of the measured and estimated
frequency sweep, a plot of the measured and predicted doublet, the flight conditions for the
sweep and doublet, the parameter values and standard errors, and the flying qualities
prediction. The predicted doublet was at similar flight conditions and the same aircraft
configuration. The corhparisons are shown in the time domain, although the modeling was
done in the frequency domain.

Looking again at figure 5, it can be séen that the estimated parameters for test point

numbers 2.4-3.1A,B and 2.4-16.1A,B-2.4-21.1A,B were all comparable. For the first

parameter value in figure 5, K, the parameter estimates for similar flight conditions are

- grouped together. These maneuvers were all flown at similar flight conditions and aircraft

configurations. The extension of the landing gear in test point numbers 2.4-19.1A,B had
little effect on the parameter estimates. The most notable differences in parameter values
Qccurred in the ﬁigh subsonic and supersonic maneuvers, but bothrthe flight conditions and
aircraft configurations were different in these cases so parameter variations can be expected.
Neither the Mach number nor the ahgle of attack varied while the other remained fixed;
therefore, it cannot be determined how either of these variables individually affect the
parameter estimates. However, average values can be given over a range of similar flight
conditions where there was no significant change in the estimated parameters. Table 11 lists
three different ranges of Mach numbers and angles of attack: low subsonic, high subsonic,

and supersonic with their corresponding range of o and average value of each parameter at
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that flight condition. Test point number 2.4-15.1A was discarded for the calculation of the
averages for the reasons mentioned above. With the exception of K, which had extremely
small errors, the average values fell within the 26 bounds of nearly every estimate in the
particular range of flight conditions. The parameter estimates had very low standard errors,
almost always less than 10%, for all maneuvers.

In general for all for all of the maneuvers, the estimate of the output for the high
frequency data fit the measured output better than the estimate at lower frequencies in many
of the frequency sweep estimations. This was due to the formulation of the equation error
method which has a weighting on the higher frequencies caused by the @ term in the
equation. The low frequency data was typically in the range of 0.3-0.7 rad/sec, and the
average estimated short period natural frequency was 1.33 rad/sec, so this was not
considered a major issue in the accuracy of the estimates.

However, the inaccuracy of the estimates at lower frequencies did affect the doublet
predictions. The doublets mostly excited only one low frequency; there was very little
excitation of the higher frequencies. If the low frequencies are not matched well for the
frequency sweep, the estimated parameters will not be good predictors for the doublets.
Conversely, if the sweep matched the low frequencies just as well as the high, then the
estimated parameters would have good prediction capabilities for any frequency.

An alternative way of looking at the prediction capabilities is not to use the doublets
at all, but rather employ the estimated model to predict another frequency sweep at similar
flight conditions. Figure 9 illustrates the prediction of the frequency sweep from test point
number 2.4-16.1B where the model has been identified from test point number 2.4-16.1A.
The sweep is well predicted over a wide range of frequencies. Note that the best prediction
occurs in the higher frequencies; this reiterates the high frequency weighting mentioned
above. In general, the larger band of frequencies, the more difficult it will be to estimate a

model which is good at every frequency. If some a priori knowledge of which frequencies
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were of interest was given, it would be possible to limit the estimation to a more narrow
band of frequencies to increase the accuracy in this band.

The normalized pairwise correlation matrices are not presented for each test
maneuver, but high correlations appeared with the same parameters as in the simulation: k;
and B. Additional high correlations with k, and B were present in the takeoff maneuvers
(TPN 2.4-3.1A,B) and the landing gear extended approach maneuvers (TPN 2.4-19.1A,B).
As mentioned in a previous section, the takeoff configuration differed from the approach
configuration in the nose position. The flap positions are approximately equal for each of
these maneuvers. For test point number 2.4-19.1A B, the landing gear was extended, and
even though the parameter estimates were approximately the same as for maneuvers at
simﬂar ﬂightrconditions with the landing gear retracted, the correlations were higher. The
added high correlations for each Qf these different maneuvers may be due to the unusual
configurations at these conditions. |

At ziill'supersonic maneuvers, tl}g siéndard errors of the parameters j,vg;r@i the lowest
and there were no high correlations. This may not be a function of the airspeed, however,
but rather the canard, which was extended for all low-speed maneuvers. The canard may
introduce a nonlinear effect which cannot be accounted for in the linearized model. One test
of this would be to fly a low speed approach maneuver with the canard retracted and

investigate whether the errors are present in that estimation. These data were not available.

6.2 Lateral Results

For the lateral handling qualities, 19 yaw frequency sweeps and 19 roll frequency
sweeps were analyzed on the Tu-144. The flight conditions and aircraft configurations were
identical to those for the longitudinal maneuvers. Once again, EEM for a single output was
employed. Which output was used depended on the model being identified. For the yaw

frequency sweeps, equation (7) and (8) were identified over the same frequency range as the
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simulations; however, the agreement between the measured and estimated time histories of
the sideslip angle, B, attained from the identification of equation (7) was very poor. This
was likely due to the poor measurement of B at higher frequencies. The time histc;ry of B
showed no oscillatory motion, and therefore had no frequency content, beyond a rudder
pedal input frequency greater than roughly  rad/sec. Therefore, the model could not be
identified at these frequencies and this greatly impacted the parameter estimates. Thus,
equation (7) was discarded in favor of (8) for the yaw frequency sweeps. Identifying the
model in equation (8) gave the Dutch roll handling qualities parameters and standard errors
shown in table 12.

Figure 10 contains plots of the values and 26 error bars for each parameter at every
test point number to once again show the proximity of the parameter estimates to one
another. Though many of the repeat cases were within 26 of one another, it can be seen
that, in general, there was considerably more scatter in these results. However, the two
parameters of concern for handling qualities prediction, {; and ®,, are fairly consistent for
similar flight conditions. Test point number 2.4-15.3A deviated greatly in relation to the
other two repeated maneuvers and was therefore discarded. The average parameter values
for the same ranges of flight conditions used in table 11 are shown for the Dutch roll
parameters in table 13. A greater number of the average values fall outside of the 26 ranges
of the parameters in the Dutch roll estimation than in the longitudinal estimation. This is
consistent with the scatter and larger errors associated with the Dutch roll estimation.
Possible explanations for this scatter are addressed below. Figures 11-13 summarize the
results obtained for a maneuver obtained at Mach 0.3, 0.9, and 1.6, respectively. Each of
these figures contains the same information fqund in figures 6-8 for the longitudinal
maneuvers. Note that the agreement between measured and estimated time histories is better
at higher frequencies. This is once again due to the weighting imposed by EEM to the

larger values of ®.
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The roll-mode time constant was estimated in two ways. Initially, the first-order roll
rate to lateral stick transfer function in equation (13) was identified. The estimated
parameters and standard errors are shown in table 14. Plots of these values with 20 error
bars are given in figure 14, Average values of the parameter estimates over the
aforementioned ranges of flight conditions are listed in table 15. In these estimates, there
seems to be considerable difference between the parameters at Mach 1.2 and 1.6. Itis
unknown why this difference occurs in these parameters. Other than these, the average
values all fall fairly close to being within the 26 error bounds of the parameter estimates.

Figures 15-17 summarize the results obtained for a maneuver obtained at Mach 0.3,
0.9, and 1.6, respectively. Each of these figures contains the same information found in
figures 6-8 for the longitudinal maneuvers. Note that for the predicied time histories, the -
model fits the data as well as can be expected from a first-order model, but misses some of
the higher-order dynamics in the measured data. These dynamics may be caused by either
the rigid body motion of the aircraft or twisting and bending of the wing and body. This

gives some indication that the assumption of pole-zero cancellation of the quadratic terms

‘mentioned in section 3.2 may not be valid. The agreement between the measured and

estimated time histories are quite good, but do have a slight mismatch in amplitude at higher
frequencies (@ > 1 rad/sec). The measured and estimated data are in phase with one
another, so the mismatch can likely be attributed to a problem in the estimation of the static
gain. Note that the formulation of equation (13) in EEM would not have the same @’
weighting on the frequencies that was present in previous two estimations.

The roll-mode time constant was also estimated using a hybrid of equation (12).
The term ‘hybrid’ is used because, although using the form of equation (12) is used, the
values of the Dutch roll parameters, {, and w,, are fixed during the estimation to values
obtained from the yaw frequency sweep analysis. This allows a higher-order model to be
used for the identification, but eliminates two of the parameters to be estimated. The

estimated parameters and standard errors are shown in table 16. Plots of these values with
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26 error bars are given in figure 18, Average values of the parameter estimates over the
aforementioned ranges of flight conditions are listed in table 17. There was some scatter in
the parameter estimates once again, especially between the Mach 1.2 and 1.6 maneuvers
again, but the most interesting results were in the estimation of the roll-mode time constant.
For all three flight condition ranges, the roll-mode time constant was fairly consistent with
the first-order estimation. For a Mach number of 0.3 to 0.4 and angle of attack of 8.2° to
11°, the value of the T, varied by only 0.017 seconds. The differences for the second and
third flight condition ranges were 0.04 seconds and 0.12 seconds, respectively. Figures 19-
21 summarize the results obtained for a maneuver obtained at Mach 0.3, 0.9, and 1.6,
respectively. Each of these figures show the fit, parameter estimates, and handling qualities
prediction for a lateral/directional maneuver in a format similar to that of figures 6-8 for the
longitudinal maneuvers. Note that for the predicted time histories, the model tries to fit
some of the higher-order dynamics in the measured data and fits the measured data slightly
better than the first-order model. However, the agreement between the measured and
estimated time histories is not as good as the first-order model in terms of the root-mean-
square of ;he difference between the measured and estimated output. VIn this estimation,
similar mismatches occurred at higher frequencies (® > 1t rad/sec), but now the estimated
amplitude was much higher than the measured.

Note once again that equation (12) was formulated in EEM without a weighting on
the higher frequencies. The Dutch roll parameters used as fixed values in the model,
however, were estimated from a model which did weight the higher frequencies. This
dichotomy may be the cause for the poor agreement at higher frequencies in these estimates.
Nevertheless, the phase at higher frequencies was still identical for the measured and
estimated time histories, and the amplitude mismatch at high frequencies would not likely
affect the estimate of the roll-mode time constant.

With the Dutch roll and roll-mode time constant parameters estimated, a flying

qualities prediction was made. These parameters are tabulated along with the predicted
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flying qualities in table 18. Note that the values listed in the table for the roll-mode time
constant are from the first-order model estimates, but using the third-order hybrid model
estimates would not affect the handling qualities prediction. The Tu-144 was predicted to
be level 1 for all lateral maneuvers. Another important note, however, is that the military
standard places no requirements on the time delay for the lateral handling qualities.
Additional sources of error are present in the lateral estimations that were not seen in

the longitudinal mode. The largest probable source of error and the likely cause of the

_ scatter in the estimates is due to the coupling of the roll and yaw motion in the aircraft. This

is attributed not only to the a{erodynanlic cross-derivatives, but also to the control system.
For examplé, when the pilot deflects the rudder pedal, the aileron moves along with the
rudder. This introduces roll dynamics to the aircraft which may not be accounted for in the
assumptions made for the yaw rate to rudder pedal transfer function. Though a source of
error, this coupling will not likely affect the handling qualities prediction.

The pairwise correlation matrices for the yaw frequency sweep analysis showed no
high correlations between any of the parameters. For the first-order roll frequency sweep
transfer functions, there was a high correlation between K_and 1/T,. The third-order
hybrid transfer function had high correlations between K, and D. Recall that the mismatch
at the higher frequencies for the first-order roll model output time histories was disregarded.
This was because the cause was likely a problem with the static gain; however, it is now seen
that the static gain is correlated with 1/T,, the parameter of interest. Though normally this
would be of concern, the third-order hybrid model did not have a high correlation associated
with the estimation of 1/T; the parameters K, and D are both numerator terms.
Additionally, the time constants were approximately equal for either the first or third-order
hybrid model; thus, performing both estimations gives more confidence in the handling
qualities prediction. This also indicates that even if the asspniption of pole-zero cancellation
in the quadra{ig,,getr?s of the roll transfer function was incorrect, it had little effect on the

estimate of Ty~
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7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The equation error method was applied in the frequency domain for the estimation
of parameters in the specified transfer functions. These transfer functions were low-order
equivalent system (LOES) models of the aircraft for pitching, rolling, and yawing motion.
Some of the transfer functions were altered from those specified in the goverriing military
standard to create models that could be more accurately estimated. The change in the
models did not sacrifice the physical meaning of the estimated handling qualities
parameters. Simulation cases were developed which emulated the Tu-144 supersonic
transport and the LOES models were identified using the specified estimation technique.
The agreement of the simulated data with the identified model response was very good. The
same estimation procedure was applied to 21 pitch frequency sweeps, 19 yaw frequency
sweeps, and 19 roll frequency sweeps from flight tests of the Tu-144. Parameter estimates
and their standard errors were typically comparable between maneuvers repeated at the same
flight conditions, and the agreement between measured and estimated output in the time
domain was excellent for all maneuvers. The Tu-144 was predicted to have level 2 or 3
handling qualities in the longitudinal mode and level | in the lateral modes. The reason for
the poor longitudinal rating was high estimates of the time delay in the transfer function.

In general, the new formulation of the military standard transfer functions and the
use of the equation error method in the frequency domain provided an excellent method of
estimating the handling qualities parameters. The parameter values were estimated with
standard errors typically less than 10% and could be estimated from the raw data in less
than two minutes of computer time. Additionally, the first-order approximation of the roll
rate to lateral stick transfer function yielded nearly identical estimates of the roll-mode time
constant as the higher-order model which required a priori knowledge of the Dutch roll

parameters.
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In the future, the most obvious next step would be to compare the predictions to

actual pilot ratings of the Tu-144. One major question would be how the pilots rate the

aircraft in longitudinal motion, and if the results support the notion that the military standard

requirement for time delay on large transport aircraft is too stringent.
There are nioﬁrie?quircments on the types of maneuvers that must be flown, but only

that the maneuvers properly excite the modes to be analyzed. Different maneuver forms

N (such as 3-2-1-1 of 2-1-1 pulses) can be designed which minimize ﬂi:ght time reqﬁired to

perform the maneuver while still offering enough information in the data. Another

maneuver would be to perform step inputs along the roll axis, estimate the roll-mode time

cohstapt directly from the time:}ririst(:)rrfy, and compare the results to thése obtained from the
fréqueﬁcy swéep. Maneuvers éould also be performed thch segregated the parameter
variations with either Mach number or angle of attack.

Additionally, frequency response matching is one of the more popular methods of
parameter ¢s§im_éﬁon when the input form is a frequency sweep. Arcomprarrison of the
results obtair;ed' iin this paper and those rogiariﬁedr from frequency response matching would

contribute to the field of parameter identification.
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APPENDIX A - MANEUVER DESCRIPTION

The pilots and test engineers were briefed before the flight test program and the
experiment objectives and test procedures were explained. Descriptions of the individual
test procedures for each of the maneuvers used in the handling qualities prediction are taken

from reference 10 and given below:

Pitch Frequency Sweep

Conditions:  Minimal Turbulence, Autopilot Off, Autothrottle Off, No Throttle Position
Changes

1. A test engineer in the back of the airplane should carefully monitor the control
column position, load factor, and pitch attitude time history responseé plotted on a
computer screen in real time during this maneuver. The time scale should be
expanded so that a frequency limit of TBD cycles per second for the input can be
easily judged. Once this frequency limit is reached, the engineer should tell the pilot
to stop making inputs to prevent excitation of the 2.5 cycle per second first bending

mode of the airplane.

2. Trim airplane for hands off level flight. Do not retrim during the remainder of this
maneuver.

3. Begin data recording and record 5 seconds of hands off level flight data.

4, Slowly cycle the control column back and forth with an amplitude large enough to

obtain +/- 0.2g load factor and/or +/- 5 to 15 degree pitch attitude excursions.

Make two complete 20 second cycles of the control for a total of 40 seconds of
input. The cycling of the control should be centered around a position that produces
airplane oscillations that center around the trim pitch attitude. Control wheel and

rudder pedals should be used to minimize roll and yaw response.

41



5. Slowly increase the frequency of the input. Adjust input amplitude so that the
amplitude of airplane motion remains about the same as in step 4. It is important to
increase fréquency slowly, so that there is enough middle frequency content in the
data. When the amplitude of airplane motion drops off sharply or the input
frequency reaches TBD cycles per secand, stop the input. Should a structural mode
become excited, terminate input immediately. The combined inputs for steps 4. and
5. should last about 80 - 100 seconds.

6; Record 5 seconds of hands off data at the end of the maneuver.

Roll Frequency Sweep

7 Conditions:  Minimal Turbulence, Autopilét Off, Autothrottle Off, No Throttle Position
| Changes
L A test engineer in the back of the atrplane should carefully momtor the control wheel
. posltlon roll rate, and roll angle tlme hlstory response; of the anrplane plotted on a
_ computer screen in real tlme durmg thls test The time scale should be expanded so
that a frequenrqyihrmt of TBD cycles per second for the input can be easily judged.

Once this frequency limit is reached, the engineer should tell the pilot to stop

- making inputs to prevent excitation of the 2.5 cycle per second first bending mode

of the airplane.

2. Trim airplane for hands off level flight. Do not retrim during the retnainder of this
maneuver. |

3. " Begu't data recording and record 5 seconds of hands off level flight data.

4. Slowly cycle the control wheel back and forth with amplitude large enough to obtain

+/- 5 to 15 degree roll angle excursions. Make two complete 20 second cycles of
the control for a total of 40 seconds of input. The cycling of the;ct),ntrol should be
centered around a position that produces airplane oscillations that center around a

A

wings level roll angle. Rudder pedals should only be used if the airplane
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oscillations do not remain centered about the initial heading angle. Control column
should be used to minimize pitch response.

5. Slowly increase the frequency of the input. Adjust input amplitude so that the
amplitude of airplane motion remains about the same as in step 4. It is important to
increase frequency slowly, so that there is enough middle frequency content in the
data. When the amplitude of airplane motion drops off sharply or the input
frequency reaches TBD cycles per second, stop the input. Should a structural mode
become excited, terminate input immediately. The combined inputs for steps 4. and
5. should last about 80 - 100 seconds.

6. Record 5 seconds of hands off data at the end of the maneuver.

Yaw Frequency Sweep

Conditiohs: Minimal Turbulence, Autopilot Off, Autothrottle Off, No Throttle Position
Changes

1. A test engineer in the back of the airplane should carefully monitor the rudder pedal
position, yaw rate, and heading angle time history responses of the airplane plotted
on a computer screen in real time during this test. The time scale should be
expanded so that a frequency limit of TBD cycles per second for the input can be
easily judged. Once this frequency limit is reached, the engineer should tell the pilot
to stop making inputs to prevent excitation the 2.5 cycle per second first bending

mode of the airplane.

2. Trim airplane for hands off level flight. Do not retrim during the remainder of this
maneuver.

3. Begin data recording and record 5 seconds of hands off level flight data.

4. Slowly cycle the rudder pedals back and forth with anvamplitude large enough to

obtain +/- 5 to 15 degree heading angle excursions. Make two complete 20 second

cycles of the control for a total of 40 seconds of input. The cycling of the control
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should be centered around a position that produces airplane oscillations that center
around the initial heading angle. Control wheel should only be used if the airplane
oscillations do not remain centered about a wings level roll angle. Control column
should be used to minimize pitch response.
S. Slowly increase the frequency of the input. Adjust input amplitude so that the
amplitude of airplane motion remains about the same as in step 4. It is important to
increase frequency slowly, so that there is enough middle frequency content in the
data. When the amplitude of airplane motion drops off sharply or the input
ffequency reaches TBD cycles per second, stop the input. Should a structural mode =
become excited, terminate input immediately. The combined inputs for steps 4. and
5. should last about 80 - 100 seconds.

6. Record 5 seconds of hands off data at the end of the manéuver.

Pitch Doublet

Conditions:  Minimal Turbulence, Autopilot Off, Autothrottle Off, No Throttle Position

Changes
1. Trim airplane for hands off level flight. Do not retrim during the remainder of this :
maneuver.
2. Begin data recording and record 5 seconds of hands off level flight data. :
3. Pull back on control column sharpfy and hold input for 5 seconds, push forward on 7

control column sharply and hold input for 5 seconds, and then release the control

column to neutral position. Inputs should be large enough to produce +/- 0.2g load

factor and/or +/- 5 to 15 degree pitch attitude excursions. Control wheel and rudder

pedals should be used to minimize roll and yaw response.

4. Record 60 seconds of hands off data at tﬂe end of the maneuver.

|
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Roll Doublet

Conditions:  Minimal Turbulence, Autopilot Off, Autothrottle Off, No Throttle Position

Changes
1. Trim airplane for hands off level flight. Do not retrim during the remainder of this
maneuver.
2. Begin data recording and record 5 seconds of hands off level flight data.
3. Rotate control wheel sharply one direction and hold input for 5 seconds, rotate

control wheel sharply the other direction and hold input for 5 seconds, and then
release the control wheel to neutral position. Inputs should be large enough to
produce +/- 5 to 15 degree roll angle excursions. Control column should be used to
minimize pitch response. ‘

4. Record 60 seconds of hands off data at the end of the maneuver.

Yaw Doublet

Conditions: ~ Minimal Turbulence, Autopilot Off, Autothrottle Off, No Throttle Position

Changes
1. Trim airplane for hands off level flight. Do not retrim during the remainder of this
maneuver.
2. Begin data recording and record 5 seconds of hands off level flight data.

3. Push one rudder pedal sharply and hold input for 5 seconds, push the other rudder
pedal sharply and hold input for 5 seconds, and then release the rudder pedals to
neutral position. Inputs should be large enough to produce +/- 5 to 15 degree
heading angle excursions. Control column should be used to minimize pitch
response.

4. Record 60 seconds of hands off data at the end of the maneuver.
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APPENDIX B - ERROR PROPAGATION

The standard errors of the generic parameters introduced in (3) and (4) are not
equivalent to those of the transfer function coefficients of the models from the military

standard; however, the estimated standard errors can be used to estimate the errors of the

desired coefficients through a linearized error propagation formula. Reference 20 explains

uncertainty analysis in detail, but a short development of the theory and application to an
example on the longitudinal mode is presented below.
Consider a general case in which an experimental result, x, is a function of N

variables, y;:
X =X(Y, Yo o Y- (33)

Equation (33) defines how to determine xrfr'om the known value of the variables y,. The

uncertainty in the result is given as

2 2 27/2
Jx ox ox
Ux= [-a—)'l—lle] +[EUXZJ +"'+(KUXN]

, (34)

where the U, ; represent the uncertainties in the dependent variables y,.

The uncertainties of the estimated parameters and their functional dependence on the

military standard coefficients are known; thus, equation (34) can be used to determine the
desired standard errors. For example, the short period damping ratio is given in terms of

the estimated generic parameters as
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S =T (35)

Applying (34) to (35) yields

- ‘ 12
2 2
or = az;Spc + aCSpo
So | Bk M) T kg o
— ) ) 172 (36)
o | | -X s
2kl N 47 ko
Similarly, for the remaining coefficients,
1
ngp = Ez(l)/—zﬁko, (37)
and
1/2
v ¢l
0'|/T92 = XO'B + —FO'A . (38)

The errors of the final two parameters, K, and T, are estimated directly.

These error propagation formulae were used for all of the estimated parameters;
however, they are only linear approximations of the errors. The first-order analytical
functions were validated using a Monte Carlo simulation which multiplied a random variable

with a mean of zero and variance of one by the standard error of each estimated parameter.

»
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The product was then scaled by adding the estimated parameter value. For example, for the

parameter k,, a new parameter, k', was created as
k() = k0+0(k0)*r, 39)

where r represents a Gaussian distributed random variable. The Monte Carlo estimate of

the short period natural frequency is then

’ 7

oy, =k (40)

sp
A random number generator was used to crezifé 1000 values 'fo'r“r’:éﬂc’i thus 1000 Gaussian

- distributed values for @, ’. The mean and standard deviation of the Monte Carlo simulation
should be very close to that estimated by the énélytical functions. The other variables were
checked in the same fashion. Figure 22 illustrates the distribution of each of the checked
variables for the parameters estimated from test point number 2.4-16.1A. A small table on
each plot indicates the mean value and standard deviation for both the analytic fuﬁction and
the Monte Carlo simulation. These values indicate that the simulation validated the

analytical functions.
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TABLE I: Summary of geometric, mass, and inertia characteristics of the Tu-144.

Length

Span

Nose Tip to Leading Edge of MAC
Length of MAC

Wing Area

Wing Aspect Ratio

Wing Sweep, Inboard Portions
Wing Sweep, Main Panels '
Weight*

Roll Axis Moment of Inertia, I *
Pitch Axis Moment of Inertia, Iyy*

Yaw Axis Moment of Inertia, I *

Roll-Yaw Product of Inertia, I *

196 ft 10 in (60.0 m)

88 ft 7in (27.0 m)

98 ft 8 in (30.1 m)

76 ft 5in (23.3 m)

4716 ft* (438 m”)

1.66

76 deg

57 deg

303,000 1b (138,000 kg)

38,805,000 Ibf-ft’ (1,635,000 kg-m”)
417,797,000 Ibf-ft* (17,606,000 kg-m?)
450,222,000 Ibf-ft* (18,973,000 kg-m?)
-6,486,000 Ibf-ft* (-273,000 kg-m*)

Average values over all yaw frequency sweeps.

49




Jsiedg - NE.wf_ BIOU] JO 100npOId MEL - [[OY 7ZX1
astedg + sAem|y -3y BILIAU] JO JUSWON SIXY me L 771
asreds + sAem|y Au-ay BIIAUT JO JUWON SIXY Yad AAL
Jstedg + SABM]Y -8y BILIDU] JO JUSWO SIXY [[0Y XX1
astedg dn w 0D [BONIDA paIndwo)) 1ysij] 150d ADD
astedg + shemly IVIN % DD "3u0T pandwoy) Jys1jg 1504 XDD

7ZH § %0't+ | Suo) ornaw ([ - ( + sAem|y | suor otpsw BUILIRWY Auen() [ang [B10] 1O01D

| WYSIOM

astedg | + skem|y 8y $5010) paindwoy) YT 1504 MDD
7H ¢ %S0+ | 83p G[F Yied 145! 01 SANR[Y 1J3T SON 3op d[suy dIjsapig v1dd
ZH Y %S 0+ 99p GTF yied st 01 ANy d) 9SON aap AORNY JO SjsUy VHdTV
ZH 91 §T-00 + SAeM|Y Siury oN JaquInN yoepy JHOVIN
ZH 91 %90+ w 000zT - 0 an 193} SpmINy AInssald [enualodoan JdH
ZH 91 + sAemiy sjouy paddsity aniy, SV
ZH 9 %G TF $BO0¢+-01- dn s3 UONEID[IIDY [eIILIA 7N
ZH +9 %S TF S8 G'OF sy S5 UONRID[AIDY [esale ] AN
IH Z¢ UG TF S8 C'OF pIEMIO] S8 UONRID[IDY [eUIPANISUOT] XN
ZH Tt DO CF 098/33p 9F aSIMYO01D 095/39p ey Mex SIXy Apog k|
ZH Tt %0 TH 93S/33p 9F dn asoN 93s/59p ey Ydd Sixy Apog 0
ZH Tt HBO'TF 398/33p § | F umMO(T SULA WYBRY 95/59p Ay [10Y SV Apog d
ZH 91 %T 1+ 53D (81 F YUON WO} 3SIMYD0]7) 53p 33Uy sulpeaH DNIAVdH
ZH Tt BT 1+ 89p 06+ dn asoN 59p Uy IIng Yo V.LIHL
ZH C¢ BT 1+ 33p 06+ umo( UM sy 5p d[suUY Jo[nF [0y IHd
ZH ¥9 B 1+ 53p GTF a7 9spy suljrel], 5p uonisod 1appny taddn) JAAdnNd
ZH ¢t BHS 1+ 39p GTF umo(J dspy sulfies], 5p uonIsod | UoAd[q Y1y dd4
ZH ¥9 S 1+ | 89p CTF umo(J 2spy suljres], 5p uontisod | uoAsryg ya] T™§H
ZH ¥9 HS 1+ | wuL ¢7 [+ ~[epad WY i uomsod [epad Jappny addd
ZH 7% WG 1F 8ap O/F ASIMYI0[)) Bop uonisod [aUM [0NU0) THMd
7H ¢t Hs1F wuw ggg+ - 001- 1md ww UoNIsod uwnjos [0nuon T10Dd
ey | Adeanddy dguey HoNuUIAUO) udi§ + sjrup) uonduadsy(q Jpweaed | JIajpwieieg

"SIsA[eue e)ep 10j pasn s1v)owered painsedjy gz 918V L




Notes:

* The origin of the coordinate system is at the base of the nose boom/tip of nose cone.

TaABLE 3; Coordinate location of instrumentation.

Parameters _ X (f) Y (@) [Z (fo)
Airspeeds & Pressures -4.4 -2.7 10
Angle of Attack +15.7 -1.4 -2.4
Sideslip +15.7 +1.0 0
Rate Gyros & Accelerometers +106.6 -1.3 +2.46

» Axis System:
~ +X is measured longitudinally from nose to tail
+Y is measured vertically up

+Z is measured laterally out the right wingtip

Note that this is a left-handed coordinate system.
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TABLE 5: Recommended Short Period Requirements for Class 111,
(a) Category B and (b) Category C

(a) Category B

Level Min C Max G, T, sec Min w_T,,
I 0.30 2.00 0.10 ~ 1.00
2 0.20 2.00 0.20 0.60
3 - - 0.25 -
(b) Category C
Level Min ¢, Max C, T, sec Min ©T,,
I 0.35 1.30 —0.10 140
2 0.25 2.00 0.20 0.70
3 - - 0.25 -

TABLE 6: Recommended Roll-Mode Time Constant for Class I1I, Category B and C

Level Max T, sec Co
1 1.4
2 3.0
3 10.0

TABLE 7: Recommended Dutch Roll Frequency and Damping for Class III,
(a) Category B and (b) Category C

(a) Category B

Level Min (, Min G0, Min m,
I 0.08 0.15 04
2 0.02 0.05 04
3 0 -- 0.4

(b) Category C

Level Min Min G, Min ®,
I 0.08 0.10 04
2 0.02 0.05 0.4
3 0 -- 0.4
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TABLE 8: Normalized pairwise parameter correlation matrices from simulated data for (a)
EEM for one measurement, (b) EEM for two measurements, (¢) OEM for one
measurement, and (d) OEM for two measurements. Shaded values indicate those defined as

having a high correlation.

kI
kK, 1.000
K, 0.027
A 0.673
B 0.030
To 0.768
kl
kO
A
B
TG

(b)

kl
K, 1.000
K, -0.085
A 0.956
B -0.136
T, 0.888

kl
K, 1.000
K, 0.968
A 0.943
B 0.971
To 0.862

(d)
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TABLE 11: Average parameter estimates for different flight conditions. Pitch rate to
longitudinal stick transfer function coefficients.

" Flight Condition Kg 1/To, Cep Ogp g
03<M<04
82<0<11.0 1.2 0.74 0.76 1.15 0.20
08<M<09
6.0 < <6.2 1.9 1.2 0.64 2.2 0.22
1.2<M«<1.6
48<0a<64 0.75 0.39 0.36 1.55 0.19
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TABLE 13: Average parameter estimates for different flight conditions. Yaw rate to rudder
pedal input transfer function coefficients.

" Flight Condition K, /T, Cq 04 T,
03<M<04
82<a<11.0 0.36 0.47 0.31 0.83 0.15
08<M<09 . !
6.0<0<6.2 1.1 0.23 0.50 1.0 0.13 |
[2<M<16
48<0 <64 0.56 0.35 023 1.5 0.15
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TABLE 15: Average parameter estimates for different flight conditions. Roll rate to lateral
stick input transfer function coefficients. First-order model.

[ Flight Condition K, 1/Tg Tp
03<M<04
82<ua<l1l0 8.4 2.4 0.10
0.8<M<09
60<0<6.2 16.6 3.2 0.09
[2<M< 1.6
48<0<64 6.7 2.0 0.14
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TABLE 17: Average parameter estimates for different flight conditions. Roll rate to lateral
stick input transfer function coefficients. Third-order hybrid model.

Flight Condition Ky Lo g /Ty T, :
03<M<0.4 |
82<a<l11.0 11.6 0.18 0.72 2.5 0.12 f
08<M<09
6.0 <0<6.2 23.8 0.30 0.83 2.8 0.13
[2<M<16 ]
48<a<64 8.7 0.16- 1.5 2.6 0.17 .
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FIGURE 2: Data compatibility results comparing measured and calculated (a) angle of attack,
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FIGURE 3: Time skew in response of aircraft to control surface deflection. Longitudinal
doublet, test point number 2.4-15.4A. )
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FIGURE 4: (a) Simulated and model time histories for pitch rate for EEM, and (b) residuals
from output fit.
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FIGURE 6: ' Comparison of measured, estimated, and predicted time histories of pitch rate.
Test point number (a) 2.4-16.1A for estimation, and (b) 2.4-16.4A for prediction.
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Test point number (a) 2.4-15.1B for estimation, and (b) 2.4-15.4B for prediction.
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FIGURE 11: Comparison of measured, estimated, and predicted time histories of yaw rate.
Test point number (a) 2.4-16.3A for estimation, and (b) 2.4-16.6A for prediction.
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FIGURE 12: Comparison of measured, estimated, and predicted time histories of yaw rate.
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FIGURE 13: Comparison of measured, estimated, and predicted time histories of yaw rate.
Test point number (a) 2.4-12.3A for estimation, and (b) 2.4-12.6A for prediction.
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FIGURE 15: Comparison of measured, estimated, and predicted time histories of roll rate.
First-order model. Test point number (a) 2.4-17.2A for estimation, and (b) 2.4-17.5A for

prediction.
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FIGURE 16: Comparison of measured, estimated, and predicted time histories of roll rate.
First-order model. Test point number (a) 2.4-15.2A for estimation, and (b) 2.4-15.5B for

prediction.
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FiGURE 17: Comparison of measured, estimated, and predicted time histories of roll rate.
First-order model. Test point number (a) 2.4-12.2B for estimation, and (b) 2.4-12.5B for
prediction.
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FIGURE 19: Comparison of measured, estimated, and predicted time histories of roll rate.
Third-order hybrid model. Test point number (a) 2.4-17.2A for estimation, and (b) 2.4-
17.5A for prediction.
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FIGURE 20: Comparison of measured, estimated, and predicted time histories of roll rate.
Third-order hybrid model. Test point number (a) 2.4-15.2A for estimation, and (b) 2.4-

15.5B for prediction.
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FIGURE 21: Comparison of measured, estimated, and predicted time histories of roll rate.
Third-order hybrid model. Test point number (a) 2.4-12.2B for estimation, and (b) 2.4-
12.5B for prediction.
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